Abstract: Air quality monitoring in many urban areas is based on sophisticated and costly equipment to check for the respect of environmental quality standards, but capillary monitoring is often not feasible due to economic constraints. In such cases, the use of living organisms may be very useful to complement the sparse data obtained by physico-chemical measurements. In this study, the bioaccumulation of selected trace elements (Al, As, Cd, Ce, Cr, Cu, Fe, Ni, Pb, S, Sb, Zn) in lichen samples (Evernia prunastri) transplanted for three months at an urban area of Central Italy was investigated to assess the main environmental contaminants, their sources, and the fluxes of element depositions. The results pinpointed Cu and Sb as the main contaminants and suggested a common origin for these two elements from non-exhaust sources of vehicular traffic, such as brake abrasion. Most study sites were, however, found to be subjected to low or moderate environmental contamination, and the lowest contamination corresponded to the main green areas, confirming the important protective role of urban forests against air pollution. Ranges of estimated mean annual element deposition rates in the study area were similar or lower than those reported for other urban areas.
Introduction
More than 80% of the EU population lives in urban areas, and as a consequence urban air pollution affects the quality of life of most citizens [1] . Notwithstanding some improvement to complement the sparse data obtained by physico-chemical measurements, essentially induced by the implementation of EU legislation on emissions of air pollutants, key EU air quality standards for the protection of human health, especially the concentration of particulate matter (PM), are currently not being met in more than 80% of urban areas [2] . Among atmospheric components, particulate matter is peculiar, being defined on the basis of its size and not on its chemical composition. It may include a wide array of elemental and organic carbon compounds; oxides of silicon, aluminum and iron; trace metals; sulphates; nitrates; and ammonia. Coarse PM consists mainly of particles derived from the Earth's crust and are thus enriched in oxides of iron, calcium, silicon, and aluminum, while fine PM is composed primarily by sulphate, nitrate, ammonium, inorganic and organic carbon compounds, and heavy metals. According to the World Health Organization [2] , long-term exposure to PM is linked to cardiovascular and lung diseases, heart attacks and arrhythmias, disorder of the central nervous and the reproductive systems, and can cause cancer. In urban areas, high levels of PM are mainly caused by emissions from road traffic, which thus will require further action for improvement.
Studies on atmospheric deposition mostly investigated remote areas to evaluate the impact of pollutants such as nitrogen and mercury on ecosystems, and deposition fluxes of air pollutants are rarely monitored in urban areas [3] . However, such studies are very important for the evaluation of potential impacts on human health, e.g., by the bioaccumulation of contaminants through the food chain of products from urban horticulture [4] .
Nowadays, many urban areas have an air quality monitoring network to check whether the set environmental standards are met or not, but capillary monitoring is currently not feasible in all cities due to economic constraints related to the establishment and maintenance of sophisticated and costly equipment. In such cases, the use of living organisms may be very useful to complement the sparse data obtained by physico-chemical measurements.
The use of lichens for assessing atmospheric levels and deposition patterns of trace elements is well-established [5] , and there is evidence that lichen biomonitoring may also be profitably used in environmental forensics [6, 7] . Lichens are highly dependent on the atmosphere for nutrients and lack a waxy cuticle and stomata, typical of leaves of higher plants, allowing airborne contaminants to be absorbed over the whole thallus surface. For this reason, they can be profitably used as bioaccumulators in monitoring studies. Lichens take up elements in three ways: As particulate matter, as ions accumulated extracellularly, and as ions accumulated intracellularly [8] , and it is generally accepted that elements accumulated in lichen thalli reflect bulk element deposition from the atmosphere [9] .
In bioccumulation studies, the technique of lichen transplants, i.e., samples taken from an unpolluted site and transferred to the study area, has several advantages over the use of native samples: It overcomes the limit of the absence of native lichens in heavily polluted areas (and also in urban contexts), the exposure time is known, and the interpretation of the results can be based on pre-exposure (control) values [9] . Furthermore, the interpretation of lichen bioaccumulation data becomes of paramount importance in decision-making processes and environmental forensics, requiring standardized procedures that account for data uncertainty and produce clear outcomes [6, 7, 10] .
In this study, we investigated the bioaccumulation of selected trace elements in lichen samples transplanted for three months in an urban area of Central Italy and delineated, by integrating recently proposed interpretative methods [6, 10] , the main environmental contaminants, their sources, and fluxes of element depositions in lichens converted as estimates of their average annual deposition rates.
Materials and Methods

Study Area and Sampling Design
The study was carried out in the urban area of Montecatini Terme (43 • 53 00 , 10 • 46 21 ; Tuscany, Central Italy), a small town of ca. 20,000 inhabitants, relying on tourism for its economy. Vehicular traffic and heating systems are the main local sources of air pollutants. The topography is flat, with average elevation of ca. 30 m a.s.l. The climate is optimal for lichen metabolism, being humid sub-Mediterranean with mean annual rainfall of 1120 mm, mean annual temperature of 15.8 • C, and mean annual relative humidity of 65%. Twenty-one sampling sites were selected according to a systematic sampling design, covering the whole urban area (Figure 1 ). Each sampling site was represented by a circumference with a radius of 200 m.
Lichen Transplants
The fruticose (shrub-like) lichen Evernia prunastri (L.) Ach., a species widely used in biomonitoring studies (e.g., [9, 11] ), was collected for the transplant experiment in a remote area of Tuscany (Central Italy), far from any local source of air pollution. The trace element content of lichens from this area is known to be in line with background values [9] .
Lichen thalli were transplanted at the 21 sampling sites (three per site), suspended to the branches of available trees, at about 2 m from ground using nylon strings, simulating natural conditions. A single lichen sample was suspended to each tree, and the minimum distance between trees was 10 m to account for possible spatial autocorrelation [12] . Samples remained exposed for three months, from 17 March to 17 June 2016.
Chemical Analysis
About 250 mg of lichen material was mineralized with a mixture of 3 mL of 70% HNO 3 , 0.2 mL of 60% HF, and 0.5 mL of 30% H 2 O 2 in a microwave digestion system (Milestone Ethos 900) at 280 • C and 55 bar. The concentration of 12 selected elements (Al, As, Cd, Ce, Cr, Cu, Fe, Ni, Pb, S, Sb, Zn) was assessed by ICP-MS (Perkin-Elmer Sciex 6100) and expressed on a dry weight basis (µg/g dw). These elements were selected being among the most commonly investigated in similar studies and also commonly found in urban environments. Analytical quality was checked with the Standard Reference Materials IAEA-336 "lichen", and GBW-07604 "poplar leaves" for Ni and S, missing in IAEA-336. Recoveries were in the range 92-109%. Precision of analysis was estimated by the relative standard deviation of 5 replicates and was <10% for all elements. For each station, three independent replicates were analyzed. Uncertainties of mean values were <14%. 
Data Elaboration
An integrated three-step method, suggested by Contardo et al. [6] , for the identification of elements contaminating the study area followed, as listed below.
(1) The first step consisted of the definition of an "effect detection limit" (EDL) [13] , i.e., a threshold background value for each element, based on the calculation of the limit of quantification (LOQ) of pre-exposure samples [14] , consisting of the mean +10 times the standard deviation, thus accounting for both the analytical noise and the noise associated with the methodology of the transplant technique. EDL values were used to quantify element bioaccumulation by the calculation of exposed/pre-exposure (control) ratios (EC ratios, as defined by Frati et al. [15] ). Elements were regarded as accumulated in the study area if the EC was >1 in at least 50% of sites (median EC >1), thus minimizing the risk of type I errors [6] ; (2) Since several studies have showed that the concentration of some elements in lichens may increase due to the accumulation of resuspended soil particles [16] , in the second step, to evaluate the airborne or soilborne origin of elements, concentrations in lichens were normalized to those in soils (using Al as reference) by calculating enrichment factors (EFs) for each element [16] according to the formula:
Element concentrations for Italian topsoils were taken from Bini et al. [17] and Nannoni and Protano [18] . Elements with EF >10 in at least 50% of sites (median EF >10) were regarded as mainly of atmospheric origin [16] ; (3) In the third step, to allow each sampling site to be characterized by a synthetic value, a contamination index (CI) was calculated as the geometric mean of those elements with median EC >1 and median EF >10. The interpretation of CI values was based on the scale suggested by Cecconi et al. [10] for lichens transplanted for 12 weeks.
Estimation of Deposition Rates
The concentrations of trace elements accumulated by lichens can be converted into estimates of heavy metal deposition rates [5, 19] . To do this, a weight/area ratio of E. prunastri of~160 g/m 2 was calculated by cutting several thallus pieces and measuring their surface area and dry weight. Based on the known exposure time of 3 months and assuming that the final concentrations represent an equilibrium with the new environment, it was possible to convert element concentrations in lichens into estimates of average annual element deposition rates.
Results
For each investigated element, Table 1 shows threshold values for background concentrations (the so-called "effect detection limits"-EDL), mean values of exposed samples, median values of exposed to control (EC) ratios, and of enrichment factors (EFs). In summary, EC >1 emerged for Cr, Cu, and Sb, EFs >10 were found for Cd, Cu, S, Sb, and Zn. Based on these findings, a contamination index (CI) was calculated by the geometric mean of EC ratios of Cu and Sb and is represented in Table 2 . According to the interpretative scale suggested by Cecconi et al. [10] , most of the study sites (86%) were concerned with low or moderate environmental contamination. Copper was accumulated in lichen transplants in 76% of the sampling sites, with values in the range 1-1.8, indicating a low bioaccumulation, while Sb was accumulated at all sites, with 43% of values indicating high or very high accumulation (Table 2) . These results clearly pinpoint Sb as the main contaminant in the study area. Notably, the lowest contaminations were found in proximity of the main urban forested park and other green areas of the town (Table 2) . Table 3 summarizes the ranges (min-max) of the 95% confidence interval for the estimated average annual element deposition rates (kg·km −2 ·y −1 ) based on lichen bioaccumulation data. 
Discussion
Lichens can profitably be used for assessing environmental levels of trace elements, since there is convincing evidence that element bioaccumulation is mainly dependent on environmental availability [9] . The method suggested by Contardo et al. [6] to identify those elements bioaccumulated in lichen transplants allowed to trace Cu and Sb as the major contributors to the atmospheric burden in the study area (Montecatini Terme). Copper was accumulated in lichen transplants in 76% of the sampling sites, with values in the range 1-1.8, indicating a low bioaccumulation. According to the threshold value for the background concentrations (effect detection limit-EDL), antimony was accumulated at all sites, with 43% of values indicating a high or very high accumulation according to the scale of Cecconi et al. [10] . These results clearly pinpoint Sb as the main contaminant in the study area. Compared with anthropogenic sources, the contribution of natural sources to the atmospheric burden of Sb is regarded as negligible [20] , and Sb, a common element in vehicle breaks, is now widely used as tracer of vehicle traffic in place of Pb, traditionally linked to motor combustion processes, after the introduction of unleaded fuel [21] . In fact, also in the study area, a relevant decrease of Pb pollution between 1993 and 2000 was observed in native lichens (Flavoparmelia caperata), thanks to the ban of leaded gasoline [22] . In our case, concentrations of Cu and Sb were highly correlated (R = 0.79, p < 0.05), suggesting a common origin in the study area for these two elements from non-exhaust sources of vehicular traffic, such as brake abrasion [23, 24] . In roadsides of Western Europe, Cu emissions from brake wear may be the main source of this metal, accounting for up to 75% of total Cu emissions [25] . These results support previous evidence of the ability of lichens to accumulate Cu and Sb in urban areas as a result of vehicular traffic [9, 26, 27] , even when exposed within car cabins [28] .
Urban airborne particulate matter is known to be enriched in several metals, especially Cu and Sb, which are mostly apportioned to the fine fraction from 1.1 to 4.7 µm [29] . Vehicular traffic is the main source of particulate matter in most European cities [30] , and non-exhaust emissions can account for up to 90% of the released PM 10 [31, 32] . Emission of particles from vehicle exhausts has now greatly reduced in Europe due to improved control systems, but particles originating from the wearing of brakes and tires, as well as from the resuspension of particles from the road surface, are not decreasing [33] . In addition, it is known that the low emission height of contaminants originating from vehicle traffic is relevant for human health, as contaminants are readily available and concentrated at ground level [34] .
Urban forestry and urban greening are well known barriers against air pollution [35] , since urban trees can consistently reduce PM pollution levels owing to leaf surface adsorption as a consequence of dry deposition processes [36] . Consistently, our results reflected the lowest contamination in proximity of the main urban forested park of the town, further confirming that urban forests provide ecosystem services that contribute to ameliorate not only human well-being but also air quality.
Ranges of estimated mean annual element deposition rates in the study area are consistent with the few data available for nearby sites of Central Italy [37, 38] , thus confirming the validity of this calculation approach. Calculated fluxes are in line with those reported for urban or even rural areas of Europe [39] ; fluxes somewhat higher for Sb are, however, similar or lower than those reported for several European cities [40] .
The availability of a simple biological tool to estimate fluxes of element deposition is of invaluable importance, since it is known that exposure to ambient PM is associated with adverse health effects [41] . In addition, in consideration of the increasing diffusion of urban horticulture, knowledge of element deposition fluxes is very important for the evaluation of potential impacts on such agricultural products and the related consequences for human health through the food chain, since it is known that exposure to ambient PM is associated with adverse health effects [4] . However, it has to be stressed that this study showed evidence limited to trace elements only, without any information about the possible local impact of other important persistent air pollutants, such as polycyclic aromatic hydrocarbons (PAHs), or toxic gaseous air pollutants, such as nitrogen oxides (NO x ).
Conclusions
In this study, we investigated the bioaccumulation of selected trace elements in lichen samples transplanted for three months in the urban area of Montecatini Terme (Central Italy) with the aim of assessing the main environmental contaminants and their sources as well as fluxes of element deposition. The results pinpointed Cu and Sb as the main contaminants in the study area and suggested a common origin for these two elements from non-exhaust sources of vehicular traffic, such as brake abrasion. Most study sites were, however, found to be subjected to low or moderate environmental contamination, and the lowest contamination was found in the area of the main urban park, confirming the important protective role of urban forests against air pollution. Ranges of estimated mean annual element deposition rates in the study area were similar or lower than those reported for other urban areas. 
